Sediment samples from the Tisza River in Serbia were investigated for possible TENORM pollutants. The radionuclide content of the samples was determined by means of low-level high-resolution gamma-spectroscopy. In addition to the members of the natural radioactive chains of 238 U and 232 Th and the natural 40 K, Chernobyl origin 137 Cs was detected in 26 of the 28 samples tested. The higher concentration of 238 U in four locations along the river could be caused by extensive exploitation of phosphate fertilizers in the surrounding agricultural area (TENORM). Also, in one location the lowest 40 K and the highest 232 Th concentration in all samples were detected. Every unexpected distribution is an indication of radioactive contamination.
INTRODUCTION
The River Tisza catchments area is a sub basin of the River Danube which covers five countries in Central and Eastern Europe, including the Ukraine, Romania, Slovakia, Hungary and Serbia. With respect to its length of 966km the River Tisza forms the largest tributary of the Danube. From its total length about 160km lie in the Ukraine and Romania and about 800km in the Great Hungarian Plain (650km in Hungary) and 150km in the Vojvodina Plain in Serbia. 1) The river drains a catchment area of 157 220 km 2 with Romania having 46.2% of the catchment area, Hungary 29.4%, Slovakia 9.7%, Ukraine 8.1% and Serbia 6.6%.
The main uses of the river are hydropower, water supply, irrigation, fisheries and recreation. In the last decade, the water abstraction for industrial use decreased due to regional economic decline. However, industrial water demand in the Tisza region is still high in Slovakia (86.9 per cent), Romania (63.4 per cent) and Hungary (49.7 per cent). Significant amounts of water are currently used for mining and metal processing, oil and gas, chemical, food, cellulose and paper, textile and energy production industries, 1) Fig. 1 . Since the Tisza entering in Serbia passes through the regions of Backa and Banat, which are predominantly agrarian area and use water for irrigation, radioactivity monitoring of the river Tisza is of great importance.
One possible source of radioactive contamination is the natural radionuclide concentration by non-nuclear technologies: coal burning, fertilizing with phosphate fertilizers, and basic chemistry-TENORM (Technologically-Enhanced Naturally-Occurring Radioactive Materials). 2) TENORM is produced when radionuclides that occur naturally in ores, soils, water, or other natural materials are concentrated or exposed to the environment by human activities such as uranium mining or sewage treatment. 3) In the Hungarian part of the Tisza river basin, there is a radioactive landfill at Puspokszilagy, upstream of the Zagyva River in the middle of the Tisza region. This site is considered as a pollution "hot spot" by the Regional Inventory of Potential Accident Risk Spots in the Tisza Catchment Area conducted by the ICPDR (2000). There are also several radioactive waste deposits from uranium mining and milling in the Romanian section of the Tisza river basin. They include approximately 6 million m 3 of waste rocks from uranium mining operations and two tailings ponds containing 6 million tons of wastes from uranium ore processing. Another environmental hazard is the storage at mining sites of lowgrade ores with a uranium content of 0.02-0.05 percent, which is not currently processed. These deposits are all potential sources of surface and ground water contamination by radionuclide due to run off effluents and seepage. They are also responsible for airborne radiation resulting from the decay of radon gas released from the ore and dust, which is a health hazard for local inhabitants. These radioactive waste materials also are sometimes inadvertently used for building construction. 4) can also contaminate the canal by atmospheric emission.
MATERIALS AND METHODS
Sediment could be considered as long-lasting and confidential indices for radioactive river contamination. Longlived radioactive pollutants accumulate in the sediment. Radionuclide dislocation in sediments is complicated process; logically the highest radionuclide concentration occurs where the river slows-down and undergoes increased sedimentation.
From Hungarian-Serbian border to Novi Bečej, Fig. 2 , the 28 samples of surface Tisza sediment were collected (four samples for every location), Table 1 . The river length between two farthest points is 84 km, from north Kanjiža to south Novi Bečej, and this is more than the half of the entire river length in Serbia (164 km). Samples were taken at 7 locations in the river. From each location four samples were collected with the distance of about 1 km between the micro locations. Samples were from the surface of the sediment (depth less than 5 cm) close to the river bank. The wet sample mass taken for radioactivity analysis was about 1 kg. Sediment samples were prepared by drying at 105°C to a constant mass. After homogenization, they were transferred to sample holders, cylindrical containers (67 mm diameter and 62 mm height), and sealed. The 226 Ra concentration was determinate by the 222 Rn decay products. In order to achieve activity equilibrium of 222 Rn with its decay products 214 Pb and 214
Bi, used for activity determination by gamma-spectroscopy, the samples were measured 30 days after sealing. All the measured data were connected for radioactive decay, taking into account the time elapsed from sampling. The radionuclide content of the samples was measured using the HPGe spectrometer made by Canberra. The nominal efficiency of the detector is 36% and the resolution is 1.9 keV. The detector was operated inside a 12 cm thick lead shield with a 3 mm Cu inner layer. The radon level in the measuring room was kept constant and low (10 Bq/m 3 ) by forced ventilation. The integral background count rate of the shielded detector was less than 1.5 counts per second. The detector was calibrated by means of a reference radioactive material with a cylindrical geometry (NBS Standard Reference Material 4350B).
5) The reference material (river sediment) and the samples were measured in the same geometry. Self-absorption effects due to slightly different densities were taken into account using the ANGLE computer code based on the concept of the effective solid angle. 6) Such careful calibration was necessary in order to ensure a low calibration error (10%) in the low-energy region (below 100 keV) where the strongest analytical lines 
234 Th (direct 238 U descendant) are located. The typical sample measurement time was about 50 ks. The detector was connected to the digital spectroscopy processing unit Canberra 1300 InSpector. Gamma spectra were acquired and analyzed using the Canberra Genie 2000 software. The necessary nuclide libraries were constructed using the Nuclide Library Editor. The selection list includes all relevant natural radionuclides and long-lived fission and corrosion products. The program calculates the activity concentration of an isotope from all prominent gamma rays after peaked background subtraction. This approach, yielding maximum statistical accuracy and safe isotope identification, needs a comment on the calculated activity of radioactive chains. All measurement uncertainties are presented at the 95% confidence level. 
RESULTS
The activity concentrations for 238 Cs contents. In tree samples the cosmogenic 7 Be was detected. The dominant contributor of 137 Cs contamination was the Chernobyl accident which occurred in 1986.
The activity concentration of natural radionuclide varies between samples from the same macro location due to inhomogeneous deposition. In order to emphasize the TENORM spots along the river the further discussion is based on the maximum values for the given macrolocation.
The maximum values for activity concentration for the 238 U, 232 Th and 137 Cs are presented in Figs. 4, 5 and 6. The aim of the lines through the measured points is included for guidance.
From Figs. 4, 5 and 6 significiant activity changes around the 50th km Ada Budzak can be noticed. This is a small lake where the streamlet Budzak joins Tisza, and where most intense radionuclides deposition can be expected.
On Fig. 7 the activity concentration for all sampling sites in this region are shown.
Due to the cancellation of systematic errors on detector efficiency calibration, the activity ratios of natural radionuclides yield more precise information on the disturbance of natural radioactivity by human intervention than the activities itself. As can be concluded from Fig. 8 ., the 232 Th / 226 Ra ratio is rather constant along the river. However the 238 U/ 226 Ra ratio (Fig. 9. ) exhibits systematic changes in Tisza sed- iment with a statistically significant decrease after the Budžak region. Assuming radioactive equilibrium in the sediment, the ratio of A( 238 U)/A( 226 Ra) should be about 1. The A( 238 U)/A( 226 Ra) ratio along the Tisza river is enhanced and for four locations (Kanjiža, Novi Kneževac, Senta and Ada Budžak) the ratio is about 2, which is different from the natural ratio. 8, 10) U activity ratio in the Tisza sediment is in good agreement with the natural value, 7) and thus the contaminant is probably the natural occuring 238 U. The higher concentration could be caused by extensive exploitation of phosphate fertilizers in the surrounding agricultural area (TENORM).
Comparison of measured results for river Danube (2003), 8) Cs are shown in Table 3 . Noticeable differences in 137 Cs activity, which are considerably less in the Tisza sediment than in the Danube, and particularly in Bega, are due to a time lag (two years from Bega measurements, and four years from Danube). 238 U activity concentrations is almost two time higher in Bega sediment than in Tisza, and is almost equal for the Tisza and Danube, coming from phosphate fertilizers or detergents. 10) Comparing the radionuclide activity concentration for the Tisza sediment with the corresponding data for the Danube and Bega sediment, it is shown that the Tisza canal sediment is relatively pure from natural and artificial radionuclides. The only detected artificial radionuclide is 137 Cs, which originated from the Chernobyl accident in 1986, and the concentration of this nuclide is significantly lower than in the Danube and Bega sediments. The activity concentrations of natural radionuclides 226 Ra, 232 Th, and 238 U are expected. No single point source for the contaminations was found. No influence of several radioactive waste deposits from uranium mining and milling in the Romanian section of the Tisza river basin were detected. The results obtained on 226 Ra and 238 U activity concentrations 11) prove the absence of depleted uranium (DU) from the Tisza sediment. No traces of contamination by nuclear power plants in the region were found. Although the detected irregularities in the 238 U/
226
Ra ratio do not mean severe radio safety problems in the moment, the long term effects of TENORM emission are not negligible, especially for the food producing region as Vojvodina. Thus the development of agricultural and industrial activities dealing with U containing materials must be carefully planned together with regular radioactivity monitoring of the whole Tisza ecosystem. 
